To summarize, most of the evidence for the functional peated viewing of the same object-grasping movement) division in humans is either based on very few case as well as a contralateral preference for the viewed studies or indirect evidence from psychophysical exmanipulating hand. Ventral regions, such as the fusiperiments. Although the fMRI studies mentioned above form gyrus, show similar characteristics (i.e., adaptapromote our understanding of the functional dissocition, contralateral preference), but these depend on obation between the two streams, a carefully tailored fMRI ject identity. Our results support the hypothesized study, aimed to provide direct evidence for the funcfunctional specialization in the visual system and sugtional dissociation between the two visual streams in gest that parietal areas (such as aIPS) are engaged in humans, has not been carried out. We therefore deaction recognition, as well as in action planning. . We used of the occipitotemporal cortex results in agnosia, a seasymmetric video clips in which a fixation point was vere impairment in the perception of objects, while the located centrally, a hand was seen reaching from the ability to accurately grasp the same unidentified obright side, and manipulating objects positioned on jects remains intact (James et al., 2003) . Individuals the left visual field, or vice versa. We reasoned that with damage in the superior part of the parietal cortex areas sensitive to the reaching and grasping aspects show the opposite behavior, termed optic ataxia: they should show mainly contralateral activation with reare often unable to use visual information to guide their spect to the hand position (i.e., left hemisphere domgrasping movements. For example, they show poor inance when the hand is seen approaching from the performance in generating the correct gap between the right side), while areas sensitive to the object identity index finger and thumb before making physical contact are expected to show the opposite trend (i.e., right hemisphere dominance, since the objects were in the left visual field).
Figure 1. Experiment I-Experimental Design
Five conditions were interleaved in a block design experiment. 1. A hand seen approaching from the left side and grasping ten different objects presented on the right side of the screen (termed "Left hand/Right object"). In this condition, the subjects had to count how many fingers interact with the object ("Count"). 2. Mirror image of the "Left hand/Right object" clips (i.e., "Right hand/Left object" clips). The subjects performed the same task ("Count"). 3. "Right hand/left object" video clips, while the subjects had to covertly name the objects ("Name"). 4. "Left hand/right object" clips, the subjects performed the "Name" task. 5. Spatially scrambled version of the object manipulation clips. The subjects were required to maintain fixation on a central dot throughout the experiment.
ROI Analysis
observation of a scrambled version of those clips (all object manipulations > scramble, p < 0.01, correction Next, we investigated whether the preference for the objects or the manipulating hand found in the ventral for cluster size). Within those areas we identified in each one of the subjects four regions of interest: two and dorsal areas, respectively, can also be seen in specific regions of interest on a subject by subject basis.
in the vicinity of the intraparietal sulcus (left aIPS [n = 11, averaged cluster size = 2184 ± 286 mm 3 ] and right A crucial point in such ROI analysis is to assure that the ROI voxels are selected so that no a priori bias is aIPS [n = 11, averaged cluster size = 1742 ± 146 mm 3 ]) and two in the ventral bank of the occipitotemporal given for one object manipulation condition over the others. We therefore identified object manipulationcortex (left FuG [n = 11, averaged cluster size = 1343 ± 173 mm 3 ] and right FuG [n = 9, averaged cluster size = related areas in each subject as those showing significantly higher activation in the various object manipula-1263 ± 330 mm 3 ; in two subjects, no significant cluster of activation was found in this ROI]). Next, we estition clips compared to the activation elicited by the Figure 
Preference for Hand Action Viewing versus Object Viewing in the Human Cortex
Statistical parametric maps of 11 subjects, using a random effect GLM analysis. Red to yellow colors depict voxels showing increasingly significant preference for the "Right hand/Left object" over the "Left hand/Right object" clips, while voxels in blue to green show the opposite selectivity. Note that the parietal areas such as aIPS and post-central gyrus (PoCG) show preference for the "Right hand/Left object" conditions, in the left hemisphere, while in the right hemisphere the preference is for the "Left hand/Right object" conditions. Given the contralateral preference in these areas, the activation is determined by the hand's position on the screen. In the ventral areas, such as FuG, an opposite preference can be seen, suggesting that the activation in those areas is determined by the location of the object. The posterior purple lines indicate the approximate border between V1 and V2, while the anterior purple lines indicate the estimated anterior border of the retinotopic areas (V3A dorsally, and V4V ventrally). This estimation is based on phase analysis, using the rotating wedge technique in one of the subjects (subject #1). Yellow asterisk denotes the site of the "extrastriate body area," in the right hemisphere, Talairach coordinates: (50, −70, 4).
Figure 3. Hand Action Viewing versus Object Viewing-Regions of Interest Analysis
(A) Voxels displaying object manipulation-related activation were selected if anatomically located within two regions of interest (aIPS and FuG, in the two hemispheres) in each of the subjects. Thus, each voxel within these ROIs showed significantly higher activation for the object manipulation clips compared to the scrambled version of the same clips (p < 0.01, corrected for cluster size). (Central insets) Ventral and dorsal views of the inflated brain showing the object manipulation-related areas in one of the subjects (subject #2). ROIs are marked in cyan. (Left and right panels) Averaged hemodynamic response curves and bar histograms of the percent signal change for the two object manipulation clips "Left hand/Right object" (green) and "Right hand/Left object" (orange) in the four ROIs: left aIPS (n = 11), right aIPS (n = 11), left FuG (n = 11), and right FuG (n = 9). The gray background denotes the time of the condition. Error bars denote SEM. Significant contralateral preference for the location of the hand can be seen in the aIPS, bilaterally. Significant contralateral preference for the object's position on the screen can be seen in the FuG, bilaterally. Asterisks denote significance (*p < 0.05; **p < 0.01). (B) Single-subject fMRI activation in the object manipulation-related areas in aIPS and FuG. The bars depict the activation in each one of the subjects for the four object manipulation conditions: Right hand/Left object under the task Name ("RhLo_Name"), Left hand/Right object under the task Name ("LhRo_Name"), Right hand/Left object under the task Count ("RhLo_Count"), Left hand/Right object under the task Count ("LhRo_Count"). The rightmost columns in each ROI depict the group average activation in the ROI. Error bars denote SEM. mated the average percent signal change for each conject" conditions (averaged across the two tasks) and the two "Left hand/Right object" conditions. dition in the different ROIs. Figure 3A depicts the average percent signal change of the two "Right hand/Left ob-
The results are consistent with the results of the group analysis. In the left aIPS, the activation is signififMRI signal in the ventral and dorsal ROIs (aIPS and FuG). The graphs in Figure 5 depict the average percent cantly higher for the condition "Right hand/Left object" than its mirror image (left aIPS, t = 8.2, p < 0.001), while signal change (averaged across the two mirror conditions) during performance of each task. Consistent with in the right aIPS, the activation is significantly greater for the condition "Left hand/Right object" (right aIPS, the group analysis, preference for an object-oriented task (over the action-oriented one) can be seen in the t = 4.82, p < 0.001). The complementary picture was found in the FuG: significant preference for the "Left ventral ROIs (right FuG, t = 2.45, p < 0.02; left FuG, t = 2.83, p < 0.02), while the reverse picture (preference for hand/Right object" condition can be seen in the left hemisphere (t = 2.36, p < 0.04), while in the right FuG, the action-oriented task) can be seen in the dorsal ROIs (right aIPS, t = 1.84, p < 0.1; left aIPS, t = 2.57, p < the preference is for the "Right hand/Left object" condition (t = 3.95, p < 0.003). These results show that, while 0.03). Thus, in spite of the fact that the video clips were exactly the same, we found dissociation between the both ventral and dorsal regions are activated during observation of object manipulation clips, the dorsal region dorsal and ventral activations, which were solely governed by the attentional requirements. of choice (aIPS) shows a contralateral preference for the hand action, whereas in the ventral ROI (FuG), the contralateral activation is determined by the object's Experiment II After showing dissociation between the dorsal and venlocation. To illustrate the degree of consistency of this result between subjects, we also show the level of actitral activation during action observation, using the contralateral bias and task-related activation, we wanted vation in each of the subjects during the four conditions. The contralateral preference shown in the averto validate and further explore the separation between the representation of hand action and objects using the ages across the two tasks ( Figure 3A ) is also evident in the single subjects' activation profile, irrespective of the fMRI adaptation paradigm. In experiment I, we found evidence that the dorsal areas may be involved in the task performed ( Figure 3B ).
Another technique that we used to show dissociation representation of the hand action. However, we cannot say which element of the hand action is represented in between ventral and dorsal activations was through manipulation of the task. Our prediction was that, in the those areas-is it the hand, the interaction between the hand and the object, or motion per se? In the current dorsal areas, an action-oriented task will induce higher activation than the object-oriented task, while an obexperiment we investigated whether the representation in these areas is sensitive to properties of the grasping ject-oriented task will induce higher activation in the ventral areas. movements made upon the objects. If this is the case, repeated observation of the same grasping action (irre- Figure 4 shows the results of group analysis. Significant preference for the action-oriented task ("Right spective of the object identity) would lead to adaptation in the dorsal pathway (but not in the ventral areas), hand/Left object" under the task "Count" + "Left hand/ Right object" under the task "Count" > "Right hand/ while repetition of the same object (irrespective of the grasping characteristics) would result in adaptation in Left object" under the task "Name" + "Left hand/Right object" under the task "Name") can be seen in the vithe ventral stream. To investigate the importance of the observed interaction between the hand and the object, cinity of the intraparietal sulcus, such as aIPS and postcentral gyrus, bilaterally. Significant preference for the we added another condition, showing clips of pointing movement, in which similar hand motion was seen but object-oriented task (the reverse contrast) can be seen in ventral occipital areas, such as FuG. For details, see there was no physical contact between the hand and the object. Table 2 .
We also measured the task-related changes in the The overall experimental design is shown in Figure 6 . The same eleven subjects were scanned while observ-GLM analysis for two separate contrasts: same objects versus different objects (irrespective of grasping siming five conditions. In all conditions, the object was located on the left side of the screen, and the hand was ilarity; DoDg + DoSg > SoSg + SoDg), indicating objectbased adaptation; and same grasp versus different mainly on the right side of the screen. The conditions were as follows: 1, ten similar grasping movements of grasp (irrespective of object similarity; DoDg + SoDg > SoSg + DoSg), indicating grasp viewing-based adaptathe same object (termed "Same object/Same grasp"; SoSg); 2, ten different grasping movements of the same tion. Voxels depicted in blue are ones showing significant object-based adaptation, whereas pink voxels are object ("Same object/Different grasp"; SoDg); 3, same grasping movement of ten different objects ("Different ones showing grasp-based adaptation. Voxels showing both effects are displayed in cyan. Robust objectobject/Same grasp"; DoSg); 4, ten different grasping movements of ten different objects ("Different object/ based adaptation can be seen in the occipital lobe, both in dorsal and ventral areas, and in the vicinity of Different grasp"; DoDg); 5, ten identical pointing movements toward the same object ("Point"). Analysis of the the intraparietal sulcus of the left hemisphere. Grasp (viewing)-based adaptation can be seen in the vicinity first four conditions allowed us to measure the effect of two adaptation factors: object-based adaptation and of the intraparietal sulcus, bilaterally, in the left postcentral gyrus, and in the pre-central gyrus. grasp viewing-based adaptation. Figure 7 depicts the results of a group analysis using The asymmetry in the adaptation found in the two clips, which always showed the right hand reaching and grasping objects placed on the left side of the fixation point. Thus, due to the typical contralateral nature of activation in the occipital cortex, object-based adaptation was broader in the right hemisphere.
ROI Analysis
In the group analysis, we found evidence for objectbased adaptation in the occipital and temporal lobes and for grasp-based adaptation in the parietal lobe. To further explore this distinction, we assessed, on a subject by subject basis, the magnitude of two factors (i.e., object identity and grasp characteristics) in selected object-and grasp-related areas. grasp-based adaptation in the object-related areas, and analogously, limited object-based adaptation in the grasp-related areas. Since the ROIs were selected achemispheres, manifest in a much broader object-based adaptation in the occipital lobe of the right hemisphere, cording to their adaptation properties in one domain (object adaptation in the ventral regions and graspis probably due to the asymmetric nature of the video previous ROI analysis, however, object identity was also a significant factor affecting the magnitude of the tion was found in the right FuG (t = 2.183, p < 0.06). In the dorsal ROIs, no significant adaptation was found in response in the left aIPS, but to a lesser extent than the grasping type (F1,10 = 7.457, p < 0.03, η p 2 = 0.427). the right aIPS (t = 1.4, p < 0.21), but some object-based adaptation was found in the left aIPS (t = 2.27, p < 0.05).
These converging results indicate that the areas that demonstrate a clear contralateral preference for repreTo summarize, both group and the single-subject analyses indicate that the patterns of adaptation in FuG sentation of objects and hand actions also manifest congruent patterns of adaptation. Specifically, in the are foremost according to the object identity, while in aIPS, the adaptation is primarily governed by the aIPS, where there is clear preference for the representation of the contralateral hand, there is also significant grasping similarity. In left aIPS, however, the adaptation due to both grasping similarity and object identity adaptation, governed by the degree of grasping similarity. Similarly, the ventral visual areas, which showed reached significant levels, but the former was more prominent.
clear preference for representation of objects in the contralateral visual field, showed significant objectFinally, we wished to verify that this pattern of adaptation characterizes the specific object manipulationbased adaptation. Is the hand-object interaction the critical factor, drivrelated areas (aIPS and FuG) as defined in experiment I. These ROIs were defined as having greater activation ing the activation in the dorsal areas? To test this issue, we compared the activation during the "Point" condiduring object manipulation viewing compared to visual control. This allows examining the degree of congrution and the "Same object/Same grasp" (SoSg) condition in the anatomically defined object-and graspence of the results across experiments, as these ROIs showed a contralateral preference for the representarelated areas (see Figure 8) . In both conditions, the subject watched the same footage repeatedly, the only tion of hand actions in the aIPS and objects in FuG, as well as modulation of the activation according to the difference was that in the SoSg condition the hand grasped the object, whereas in the "Point" condition nature of the preferred task in the two areas. The significance of the two adaptation factors (grasp based, obthe hand was seen approaching the object while making a pointing movement, but did not touch it. We ject based) was assessed in these ROIs using a repeated-measures analysis of variance (see also the reasoned that if the dorsal areas are engaged in the representation of the grasping movements, i.e., in handfMRI activation results of each individual in Figure S1 ). In congruence with the previous analyses, we found object interaction, we would expect to find differences Up to this point, we focused our attention on the aIPS acting hand as well as the object manipulated (analyzed in the ventral stream) has to be conveyed to the and FuG, stressing the fact that the patterns of selective activation were remarkably consistent across exdorsal pathway to allow preparation of the appropriate motor program. periments (i.e., contralateral representation preference, task-related activation, and adaptation). However, each one of the paradigms elicited activation in other visual Discussion areas, such as lateral occipital sulcus and dorsal occipital and parietal areas (see Figures 2, 4, and 7 and TaThe goal of this study was to find clear evidence for dissociation between the putative involvement of dorbles 1 and 2), in which the picture seemed more complex. To gain further understanding of the specific sal and ventral visual areas, in action and object recognition, respectively. This was done by using three characteristics of these intermediate areas, we chose the voxels showing a contralateral preference in experidifferent fMRI-based display and analysis techniques: contralateral representation, task-related activation, and cally) and if the most significant voxel within each cluster was also located in the cerebral cortex (see also fMRI adaptation. The converging evidence from all of Figure S2 ), showing that in each of the single subjects, these methods suggests the existence of at least two the voxels displaying contralateral preference for obdistinct brain areas that are engaged in processing difjects in the ventral regions were located in the cereferent aspects of observed object manipulation-venbral cortex. tral areas, such as the FuG, that are likely to play a role Low-Level Visual Effects in the processing of object identity, and dorsal areas, Another worry is that the contralateral activation in vensuch as the vicinity of the intraparietal sulcus, and spetral occipital areas (with respect to the object's visual cifically aIPS, which is active during observation of obhemifield) is a result of differences in low-level elements ject grasping movements. Before making this conclubetween the two hemifields that have nothing to do sion, we address the issue of possible confounding with object recognition (such as local contrast differfactors that potentially could have led us to the wrong ences). Thus, ten different objects (with variable levels conclusions.
of luminance) were seen in the hemifield in which the objects were shown, whereas in the other hemifield the Possible Confounding Factors subjects observed the same hand making reaching Cerebellar Activation movements toward the center of the screen. This explaOne issue that is of concern in the two experiments is nation cannot be completely ruled out and may be relethat the group results activation in the ventral loci (for vant for the contralateral activation in the early visual example in FuG) is possibly due to a cerebellar source areas of the occipital cortex (see Figure 2) . However, of activation. Specifically, one may wonder (given the the contralateral activation seen in the ventral areas exdegree of variation in the exact location of the FuG tends beyond the border of the retinotopic areas (area across subjects), whether the ventral occipital activa-V4 ventral, see Figure 2 ). Additionally, in the ROI analytion (contralateral to the object's position) seen in the sis, we show that the contralateral preference can be multisubject map (Figure 2 ; experiment I) may have reseen in high-level visual areas-i.e., areas that show sulted from a partial volume of activation originating in greater activation during observation of object maniputhe cerebellum. The cerebellum is typically active durlation clips than during observation of spatially scraming ipsilateral motor actions and somatosensory stimubled versions of those clips-despite the fact that the lation (Nitschke et al., 1996; Leicht and Schmidt, 1977) . difference in local contrast is greater in the spatially Thus, if there is also an ipsilateral representation of obscrambled clips. served actions in the cerebellum, the resulting cerebelSensitivity to Visual Motion lar activation would be contralateral to the object's loIt may be argued that the reported dorsal activation in cation in our design. However, we think this explanation experiment I, which we associated with a preference is unlikely for a number of reasons. First, the ipsilateral for the representation of hand action, may be due to the activation in the cerebellum is typically seen during moobserved hand motion or even simply the prevalence of tor and tactile tasks, while in our experiments the actimotion per se in the contralateral side of the screen. vation was a result of the visual input (since there was This is unlikely to explain the whole picture, however, no somatosensory stimulation or motor output). Secsince hand motion cannot account for the graspingond, and more important, the group results (in experidependent adaptation in aIPS, seen in experiment II, as ment I) were verified in the subject by subject (ROI) similar hand movements were observed in all condianalysis ( Figure 3B ). In this analysis, voxels were astions, on the same side of the screen. Furthermore, in signed to the ventral ROI only if they were within the the Point condition of experiment II, subjects viewed clips of hand trajectories similar to the ones in the cerebral cortex (which could be established unequivo-grasping conditions, which generated little fMRI activasignificant preference for the "count" task over the tion in the dorsal ROIs. Thus, the contralateral prefernaming task, were located in the anterior part of the ence for the viewed hand action, seen in the dorsal IPS (−37, −44, 50 in the left hemisphere, and 35, −48, areas (such as aIPS) in experiment I, probably repre-56 in the right). We therefore suggest that the activation sents preference for high-level visual components of in the counting task was more likely to be due to fothe scene, such as the grasping movement (i.e., handcused attention on the interaction between the graspobject interaction) rather than visual motion per se.
ing hand and the grasped object, rather than counting The Hand as an Object per se. In experiment I, using the contralateral representation, we showed dissociation between the representation of Internal Representation of Observed the hand action (in the dorsal areas) and the objects (in Actions in aIPS the ventral ones). However, it may be claimed that the We show in this study that dorsal stream areas are hand itself is an object. Why then do we observe a clear active during observation of actions on objects, in the contralateral preference for the inanimate objects (as absence of movement, or preparation for movement by opposed to the hand) in the ventral occipitotemporal the subjects. areas? One possible explanation is that viewing human
The "direct matching hypothesis" ( Figure S1 ). This convergence of effects may underlie dorsal-ventral integration processes, such as those al., 1981). 2. Internal motor representation: The "direct matching seen in the superior temporal cortex (for review, see Karnath, 2001) ; however, this speculation should be furhypothesis" claims that when we observe action made by others, an internal motor representation of ther explored. this action is built automatically in our motor system. Taking this hypothesis one step further, it could be Conclusions possible that observation of right hand actions will
In this study, we show direct evidence from three difinduce higher activation in the left hemisphere, and ferent methodologies for an overall functional dissociobservation of left hand actions will induce higher ation between the representation of viewed hand acactivation in the right motor system of the observer, tions and objects in dorsal and ventral visual areas, irrespective the location of the observed actions in respectively. The results suggest that, in addition to the the visual field.
well established involvement of the dorsal system (and specifically the aIPS) in action planning and execution; Support for the latter hypothesis can be seen in the it is involved in action recognition. The congruency befact that in experiment I, although most of the hand tween motor and visual properties in the same loci of action was seen in one side of the screen, the interacthe parietal cortex support the visuomotor characteristion between the hand and the object usually took tics attributed to those areas and suggests that the paplace at the opposite side of the screen (in the object rietal cortex plays a role in visual recognition of actions side of the screen). Thus, it seems that the more relemade by others. vant parameter governing the activation in aIPS may be clips, the objects did not move throughout the grasping movescan. The procedure included segmentation of the white matter using a grow-region function, the smooth covering of a sphere ments. The same two sets of clips were shown twice: once while the subjects performed an object-oriented task, covertly naming around the segmented region, and the expansion of the reconstructed white matter into the gray matter. The surface was then the objects ("Name"), and once during performance of an action oriented task, covertly counting how many fingers interact with the unfolded, cut along the calcarine sulcus, and flattened. object ("Count").
In the control "scramble" condition, a 12 s object manipulation clip was decomposed to frames (24 frames a second), every frame Supplemental Data was spatially scrambled (36 × 24 fragments in each frame, ensuring
The Supplemental Data for this article can be found online at http:// that the hand and the objects could no longer be identified), and www.neuron.org/cgi/content/full/47/3/457/DC1/. then the frames were recomposed to a 12 s clip. A fixation point appeared in the middle of the screen throughout the experiment.
